Background and Purpose: Defining how brain structures differ in pre-clinical dementia is important to better understand the pathological processes involved and to inform clinical practice. The aim of this study was to identify significant brain correlates (volume and asymmetry in volume) of mild cognitive disorders when compared to normal controls in a large community-based sample of young-old individuals who were assessed for cognitive impairment. Methods: Cortical and sub-cortical volumes were measured using a semi-automated method in 398 participants aged 64-70 years who were selected from a larger randomly sampled cohort and who agreed to undergo an MRI scan. Diagnoses were reached based on established protocols for MCI and a more inclusive category of any Mild Cognitive Disorder (any-MCD: which includes AAMI, AACD, OCD, MNC, CDR, MCI). Logistic regression analyses were used to assess the relationship between volume and asymmetry of theoretically relevant cerebral structures (predictors) and MCI or any-MCD while controlling for age, sex, and intra-cranial volume. Results: The main correlates of cognitive impairment assessed in multivariate analyses were hippocampal asymmetry (more to left, MCI: OR 0.83, 95%CI 0.71-0.96, p = 0.013; MCD: OR 0.86, 95%CI 0.77-0.97, p = 0.011), lateral ventricle asymmetry (more to left, MCI: OR 0.95, 95%CI 0.91-0.99, p = 0.009; MCD: OR 0.95, 95%CI 0.92-0.98, p = 0.004), and cerebellar cortex asymmetry (more to right, MCI: OR 1.51, 95%CI 1.13-2.01, p = 0.005). Conclusions: In this population-based cohort stronger associations were found between asymmetry measures, rather than raw volumes in cerebral structures, and mild cognitive disorders.
than in the right hemisphere. In other studies, hippocampal asymmetry was found to be reduced in subjects suffering from dementia (Barnes et al., 2005 ), specific regional hippocampal atrophy patterns were found in MCI and particularly in the left hippocampus (Apostolova et al., 2010) , and in a meta-analysis Shi et al. (2009) demonstrated that left hippocampi were smaller than right hippocampi in MCI and AD. Moreover, ventricular asymmetry has been shown to be associated with metabolic asymmetry in frontotemporal dementia (Jeong et al., 2005) , asymmetry in cortical metabolic activity in AD patients was correlated with cerebellar and basal ganglia metabolic asymmetry indexes (Akiyama et al., 1989) , and amygdalar asymmetry discriminated between Alzheimer's disease and fronto-temporal lobar degeneration (Barnes et al., 2006) .
Recently, Giannakopoulos et al. (2009) investigated the relationship between the asymmetrical distribution of Alzheimer's disease (amyloid plaques and neurofibrillary tangles) and microvascular pathology in the left and right hemispheres and cognition in 153 individuals whose brain was examined in a post-mortem study. They found that while Alzheimer's disease pathology was not asymmetrically distributed cerebral microvascular pathology was, with many more brains presenting with a predominance IntroductIon Previous studies have demonstrated an association between MCI diagnosis (and other mild cognitive disorders) and cerebral atrophy, particularly in the hippocampus, amygdala, and entorhinal cortex (see Anstey and Maller, 2003 for a review) as well as in other cortical areas, with high atrophy rates detected in temporo-parietal regions (Desikan et al., 2008) . However, other studies have found no such association. For example, a study using a sub-sample of that assessed in the present investigation and based on a previous wave of measurement in 60-to 64-year olds found no association between a number of manual and automated brain measures and MCI status . These findings raise the possibility that structural brain changes associated with MCI are not yet easily detectable in the young-old or that structural changes other than regional volumes are indicative of MCI related neuropathology.
Previous findings have suggested that variation in the relationship between left and right volumes of structures such as the hippocampus might be associated with neurodegenerative processes specifically involved in mild cognitive disorders and dementia. Thompson et al. (2007) showed that in Alzheimer's disease (AD) cortical atrophy occurred earlier and progressed faster in the left While a focus of this research is MCI, it has become evident that this clinical category is not very stable (Anstey et al., 2008a) with many individuals given an MCI diagnosis at one time point moving across to other mild cognitive disorder categories at follow-up. Since we have previously reported high stability (89%) of an overlapping and more inclusive diagnosis of any mild cognitive disorder (defined by any of MNC, OCD, AAMI, MCI, AACD, CDR) over a 4 year follow-up (Anstey et al., 2008a) , participants were also classified with any-Mild Cognitive Disorder (any-MCD) and analyses were conducted to identify brain correlates of this more general classification.
MrI scan acquIsItIon
All participants were imaged with a 1.5 Tesla Philips Gyroscan ACS-NT scanner (Philips Medical Systems, Best, The Netherlands) for T1-weighted 3-D structural MRI. The T1-weighted MRI was acquired in coronal orientation using a T1-FFE sequence with the following parameters: TR = 8.93 ms, TE = 3.57 ms, flip angle of 8°, matrix size = 256 × 256, slices 160, and field of view (FOV) 256 × 256 mm. Slices were contiguous with slice thickness of 1.5 mm.
IMage analysIs
Volumetric segmentation was performed with the Freesurfer image analysis suite, which is documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu/). This processing includes motion correction, removal of non-brain tissue using a hybrid watershed/surface deformation procedure , automated Talairach transformation, and segmentation of the sub-cortical white matter and deep gray matter volumetric structures (Fischl et al., 2002 . For the purpose of the present study only a subset of relevant segmented structures were selected for analysis and included the hippocampus, amygdala, thalamus, caudate, putamen, pallidum, ventricles, cerebellum, and total gray and white matter for each hemisphere (see Figure 1 ). In addition, to assess the role of differences in left and right brain structures an asymmetry index was computed for each left-right pairs using the equation: [(L−R)/(L+R)]×100 which produces an index ranging from −100 (larger right volume) to +100 (larger left volume). The scans of nineteen participants were excluded from the sample due to poor scan quality, low signal-to-noise ratio, or movement artefacts which did not allow for normal processing with the standard Freesurfer pipeline leaving 398 participants for analysis. Each segmented volume was inspected slice by slice and reprocessed with additional parameters if errors were detected.
statIstIcal analysIs
Descriptive analyses were conducted using Chi-square for categorical data and t-tests to compare groups on continuous variables. Logistic regression analysis was used to identify significant predictors of binary group membership (normal vs. MCI or normal vs. any-MCD) using a stepwise approach. In a first phase, each brain variable was assessed in a univariate analysis while controlling for age, sex, and intracranial volume. In a second phase, multivariate logistic regression analyses were conducted to determine which variables had the highest predictive value while controlling for age, sex, and intracranial volume. All brain variables used as predictors in logistic regression analysis were centered and scaled so each of microvascular pathology in the left hemisphere. In addition, cognitive status assessed with the CDR scale was positively associated with Alzheimer and microvascular pathology in each hemisphere. Together these findings suggest that atypical cerebral asymmetry as well as atrophy might be associated with MCI and dementia.
In the present study, we aimed to identify the brain correlates of MCI and other related mild cognitive disorders in comparison to normal controls in a large sample of community-dwelling individuals aged 64-70 participating in the second wave of assessment of a longitudinal investigation of aging and mental disorders: the PATH through life study. Because MCI status is relatively unstable and because we showed in a previous study (Anstey et al., 2008a ) that a somewhat less specific and overlapping clinical group including any mild cognitive disorder (any-MCD: composed of AAMI, AACD, OCD, MNC, CDR, MCI) was very stable (89% over 4 years) we also investigated the cerebral correlates of this sub-group.
In order to investigate the association between cerebral asymmetry as well as raw cerebral volumes and cognitive impairment in the present study we computed an asymmetry index for each lateralized structure measured and included these indexes in all analyses. It was expected that MCI and any-MCD would be associated with greater cerebral atrophy, particularly in medial temporal structures, ventricular expansion, and with reduced hippocampal asymmetry (i.e. relatively smaller left than right volumes in cognitively impaired participants). The relationship between the asymmetry of other structures and cognitive status was considered exploratory.
MaterIals and Methods study populatIon
The design of the PATH through life study has been described elsewhere (Jorm et al., 2004) as has the clinical sub-study (Kumar et al., 2005) . Briefly, participants who were residents of the city of Canberra and the adjacent town of Queanbeyan, Australia, were recruited randomly through the electoral roll to participate in a study interested in the risk and protective factors for normal aging, dementia and other neuropsychiatric disorders. Enrolment to vote is compulsory for Australian citizens. Participants were recruited in three age cohorts 20-24, 40-44, 60-64 and are to be followed every 4 years, over a total period of 20 years. The study was approved by the Australian National University Ethics Committee. Results presented here concern the second-wave interviews with 2222 participants aged 64-70 years which were conducted in 2005-2006. Of these, 421 individuals underwent an MRI scan (18.9 %) and 417 completed the full cognitive assessment and were included in the present study (4 refusals).
clInIcal assessMent
The screening procedures and clinical diagnosis used in the PATH study have been described previously (Anstey et al., 2008b) . In brief, diagnoses were obtained for MCI (Petersen et al., 1999) , Age Associated Memory Impairment (AAMI) (Kral, 1962) , Age Associated Cognitive Decline (AACD) (Crook et al., 1986) , Mild Neurocognitive Disorder (MNC) (American Psychiatric Association, 1994), Impairment on the Clinical Dementia Rating (CDR) scale (Morris, 1993) , and Other Cognitive Disorder (OCD) using published criteria . DSM-IV criteria were used to assess dementia (American Psychiatric Association, 1994).
(22 MCI, 10 AAMI, 19 AACD, 2 MNC, 2 OCD; diagnostic categories are not mutually exclusive) and 361 control individuals were identified from the 398 participants who were included in the study and whose imaging data could be used for analysis. No case of dementia was detected. The MCI and any-MCD groups did not differ from the normal group based on age, but they included significantly fewer females, had fewer years of education, a greater proportion of participants from a non-caucasian and non-English-speaking background. The three groups did unit represented a 1 ml volume deviation from the mean. To avoid singularities left brain and asymmetry measures were used in multivariate analyses and checked against the same analyses using the right brain measures. The alpha level was set at p = 0.05.
results Table 1 presents the demographic and neuropsychological characteristics and Table 2 the brain measures of the study groups (Normal, MCI, and any-MCD). Twenty-two MCI, 37 any-MCD not differ on any of the raw brain variables except for the 4th ventricle which was smaller in the normal compared to the any-MCD group.
McI/any-Mcd braIn correlates
Results of the logistic regressions assessing the brain correlate of MCI/any-MCD by univariate analysis while controlling for age, sex,
In a second step, all brain variables investigated in univariate analyses (left hemisphere volume and asymmetry measures; the variance of right hemisphere volumes is indexed in the combination of left hemisphere measures and asymmetry indexes) were and intra-cranial volume are presented in Table 3 and show that right cerebellar volume, cerebellar asymmetry, left thalamic volume, left hippocampal volume, left amygdalar volume, and lateral ventricle asymmetry were significant predictors. raw volume measures were not associated with cognitive decline before or after controlling for relevant covariates. These findings appear to indicate that the early signs of clinical impairment in aging are not associated with large volumetric differences in most cerebral structures but mainly co-occur with left medial temporal lobe change.
In contrast, the strongest correlates of cognitive status in the present study were measures of asymmetry of the hippocampus, cerebellum, and lateral ventricle. As in previous studies it was found that the right hippocampus was larger than the left in a majority of participants and this trend was slightly stronger in cognitively normal individuals. However, a somewhat counter-intuitive result was also found. Contrary to a number of studies reporting on asymmetries of structures in cognitive impairment and AD which defined asymmetry by a simple difference between left and right volumes we computed an index widely used in the laterality literature which normalized for total structure volume and which has a fixed range (−100 to +100). With this index it was found that larger left hippocampal asymmetry was associated with decreased odds of cognitive impairment which appears to conflict with previous findings but does not. This relationship can be better understood in light of the fact that the asymmetry index is influenced by the direction and the strength of the difference between left and right structures and their normalization in controlling for other factors (age, sex, education, hippocampal and intra-cranial volume; see Figure 1 ). Therefore although cognitively normal participants had on average larger left and right raw volumes than cognitively entered concurrently in multivariate analyses while controlling for age, sex, and intra-cranial volume and after reduction of the model, the significant predictors were the following: cerebellar cortex asymmetry (MCI: OR 1.51, 95%CI 1.13-2.01, p = 0.005), lateral ventricle asymmetry (MCI: OR 0.95, 95%CI 0.91-0.99, p = 0.009; MCD: OR 0.95, 95%CI 0.92-0.98, p = 0.004), and hippocampal asymmetry (MCI: OR 0.83, 95%CI 0.71-0.96, p = 0.013; MCD: OR 0.86, 95%CI 0.77-0.97, p = 0.011). None of the absolute volume measures remained in the model after reduction beside the asymmetry measures described above. The reduced model fit was significantly improved by the introduction of the brain variables: MCI, -2 log likelihood = 139.45 vs 157.12, Cox and Snell R 2 = 0.073; any-MCD, −2 log likelihood = 224.25 vs 236.04, Cox and Snell R 2 = 0.025. The same analyses were repeated using right hemisphere and asymmetry measures and showed identical results. In addition, because there were small but significant differences in education levels and ethnicity between the clinical groups and controls we repeated all analyses with education and ethnicity as covariate. No substantial difference were evident and results followed the same pattern of results. Figure 2 shows the relationship between left and right volume differences and asymmetry indexes for the hippocampus, lateral ventricle, and cerebellum.
dIscussIon
The present results show that while right cerebellar volume, left thalamic volume, left hippocampal volume, and left amygdalar volume were significant correlates of MCI and/or any-MCD, most Cerebral asymmetry in anatomy and function has been extensively described in the literature. However, the origin of asymmetrical changes/differences in neuropathological processes associated with aging and dementia remains a mystery. It has been suggested that the left hemisphere is more sensitive to stress with a recent meta-analysis of hippocampal volumes in PTSD confirming greater left than right atrophy in this clinical group (Smith, 2005) . It is also possible that these asymmetry differences are due to chronic hypoperfusion of the left hemisphere. In a SPECT study of 300 outpatients, it was found that women were more likely than men to present with significantly decreased perfusion in the left compared to the right hemisphere and that this pattern was more marked in those identified as having probable AD (Ott et al., 2000) . Consistent findings were also found in another study comparing 18 AD patients with 20 controls (Trollor et al., 2005) . Moreover, recent research has showed that common carotid artery intima-media thickness correlated positively with age and was greater on the left side and particularly so in left-handed subjects (Onbas et al., 2007) suggesting that hemodynamic stress and intimal damage could be larger in the left carotid artery. Consistent with this hypothesis Giannakopoulos et al. (2009) found that microvascular pathology, but not Alzheimer pathology, was more prevalent in the left than in the right hemisphere of 153 brains of individuals with different levels of impairment and who were assessed in a post-mortem study. In contrast, Amyloid Beta deposits assessed with Pittsburgh compound B imaging in MCI and AD showed no asymmetry (Raji et al., 2008; Giannakopoulos et al., 2009) . Taken together these results seem to indicate that difference in vulnerability between left and right cerebral structures in aging are more likely to be associated with cardio-vascular risk factors which in turn accentuate neurodegenerative processes prodromal to cognitive impairment and dementia.
The present results are of particular interest because a previous study conducted on a sub-sample of the same study as this one found no cerebral correlates of MCI in the first wave of measurement conducted 4 years earlier. The differences found between cognitively normal individuals and those diagnosed with MCI are therefore likely to have developed over the last 4 years. It is also interesting to note that the cerebral correlates of MCI and any-MCD were very similar and suggest a continuum or large overlap between different mild cognitive disorders in aging. This view would also be consistent with the findings of another study in the same sample showing that the health and lifestyle predictors of conversion from normal cognition to MCI or any-MCD are very similar for these two clinical groups.
This study had some limitations as well as a number of strengths. The sample was limited to young-old participants in a relatively narrow age group and therefore may not apply to younger or older cohorts. The number of participants with a diagnosis was small which may have limited the power of the analyses and only broad cortical measures were investigated which could have obscured more subtle effects. Statistics were not corrected for multiple comparisons and while individual findings may not have survived stringent correction, the pattern of results across different structures suggests that they are not solely due to chance. However, the strength of this investigation was in the inclusion of a large, community-based sam-impaired participants with the right hippocampus being larger than the left hippocampus, their asymmetry index indicated that an overall larger relative left asymmetry, or more precisely a lesser right asymmetry, was associated with decreased odds of cognitive impairment. This finding might indicate that change in relative size of the left and right hippocampi is more important than differences in absolute size in each of these structures. Furthermore, at least in this cohort, this variation in symmetry appears to be more strongly influenced by the left hippocampus with a larger size being associated with significant decreased odds of cognitive impairment whereas right hippocampal size was not associated with increased or decreased odds of cognitive impairment. This interpretation is congruent with other results in the present study showing that apart from the putamen, pallidum, and cerebellum, greater left or lesser right asymmetry in all other gray and white matter structures was associated with decreased odds of presenting with cognitive impairments (and vice versa for the lateral ventricles). Or in other words, individuals with proportionally smaller left hemisphere volumes (rather than larger right hemisphere volumes) were more likely to be diagnosed with MCI or any-MCD which is consistent with data reported by Thompson et al. (2007) .
It is interesting to note that the opposite relationship found in the cerebellum (in this study) appears to mirror that described in a metabolic study where decreased activity in the left basal ganglia of AD patients was found to be correlated with decreased activity in the right cerebellum (Akiyama et al., 1989) , and is suggestive of a contra-lateral association between basal ganglia and cerebellum.
Based on the previous results it might have been expected that the greater risk of impairment associated with relatively smaller left than right hippocampi would also have been associated with relatively larger left than right lateral ventricles. Instead we found the opposite, while cognitively impaired participants had smaller left ventricles than cognitively normal individuals, a smaller asymmetry index (driven by a larger right ventricle) was associated with a greater risk (see Figure 1) . Giannakopoulos et al. (2009) found in a post-mortem study that although microvascular pathology was most prevalent in the left hemisphere and correlated with cognitive impairment, the conjunction of Alzheimer and microvascular pathology in the right hemisphere was most predictive of dementia. Thus the present finding could suggest that when significantly increased right ventricular expansion becomes apparent it is indicative of the compounding effects of Alzheimer and microvascular pathology in the right hemisphere which is likely to occur later in the disease progression and to be associated with an inability of the right hemisphere to compensate for the functional impairment associated with earlier progression of pathological processes in the left hemisphere. The ventricles may be particularly sensitive indicators of this phenomenon since periventricular and deep lesions could exercise a greater influence on ventricular volume due to their localization (Wen et al., 2006) , and other factors which could influence ventricular volume, such as total cerebral white matter atrophy, may well be more reflective of other less relevant influences such as sulcal widening and sub-cortical white matter lesions. In addition, periventricular lesions and deep white matter lesions have been shown to be particularly predictive of impairment in aging (van den Heuvel et al., 2006; Yoshita et al., 2006; Oosterman et al., 2008) . volume between left and right structures might be particularly predictive of pathological changes associated with MCI and any MCD.
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In summary, this study identified a limited number of absolute brain volume correlates of mild cognitive disorder which were predominantly located in the medial temporal lobe. However, in this sample stronger associations were found between mild cognitive disorders and measures of asymmetry, rather than volume in the structures investigated, suggesting that relative change in
